Introduction
============

Breast cancer is one of the most prevalent malignant tumors and the first leading cause of cancer-related death in women worldwide.[@b1-cmar-11-625] About 266,120 new cases of breast cancer in US women are expected to be diagnosed, and 40,920 will die of this disease in 2018.[@b2-cmar-11-625] Currently, chemotherapy is still the major treatment for breast cancer. However, the development of multidrug resistance (MDR) against the anticancer agents used is the key factor leading to the chemotherapy failure.[@b3-cmar-11-625]--[@b5-cmar-11-625] Adriamycin (ADR), also known as doxorubicin, is one of the most widely used traditional chemotherapeutic drugs, and is generally used to treat solid tumors, including breast cancer, especially in advanced or metastatic breast cancer patients.[@b6-cmar-11-625]--[@b9-cmar-11-625] Unfortunately, continuous ADR treatment usually induces development of MDR, which impedes its clinical application. Therefore, it remains imperative to discover novel molecular targeting agents or re-sensitize the existing drugs to ADR therapy, with the hope of effectively improving the prognosis and treatment of these patients.[@b10-cmar-11-625]

Mechanically, it has been widely accepted that drug resistance in cancer cells is associated with the overexpression of transmembrane transporter proteins P-glycoprotein (P-gp) and multidrug resistance-associated protein-1 (MRP1), encoded by *MDR1* and MRP1 genes, respectively.[@b11-cmar-11-625]--[@b14-cmar-11-625] These proteins lead to reduced intracellular drug concentration and decreased cytotoxicity through their ability to pump the drugs out of the cells.[@b15-cmar-11-625],[@b16-cmar-11-625] In recent years, it has become increasingly urgent to identify effective MDR reversal agents to increase the efficacy of chemotherapies. One of the effective ways to overcome P-gp-mediated drug resistance is either to block its drug-pump function or inhibit its expression by some specific agents.[@b17-cmar-11-625] A couple of P-gp modulators, chemosensitizers, and P-gp inhibitors have been designed to overcome P-gp-mediated MDR, but their intrinsic toxicity at doses is necessary for drug activity, and drug interaction profiles of these chemosensitizers need to be optimized. Therefore, development of rational therapeutic strategies targeting MDR cells is still a critical clinical challenge for successful chemotherapy.

Peptidylarginine deiminases (PADs) are a family of calcium-dependent enzymes that convert positively charged arginine and methylarginine residues in substrate proteins to the neutral, non-standard residue citrulline and this enzymatic activity is alternatively referred to as citrullination or deamination.[@b18-cmar-11-625],[@b19-cmar-11-625] This alteration of protein charge results in changes in protein structure, function, and molecular interactions.[@b19-cmar-11-625] For example, PAD2 and PAD4 can target histone H3 and H4 at gene promoters for citrullination, leading to local changes in chromatin structure and modulation of tumor-associated gene transcription in human breast cancer cells.[@b20-cmar-11-625]--[@b22-cmar-11-625] Besides, PAD4 also targets non-histone proteins for citrullination in breast cancer cells, including glycogen synthase kinase-3β (GSK3β), and Ets-like protein-1 (Elk-1), to regulate their substrate activities and thereby play critical roles in maintaining cell phenotype in breast cancer cells.[@b23-cmar-11-625],[@b24-cmar-11-625] In addition, we recently found that PAD1 is the only PAD highly upregulated in triple-negative breast cancer cells. PAD1 interacts with and citrullinates MEK1 to regulate extracellular signal-- regulated kinase 1/2-- matrix metallopeptidase 2 signaling, thus promoting tumorigenesis.[@b25-cmar-11-625] Furthermore, accumulating evidences showing that overexpression of PAD2 and PAD4 were detected in a wide range of human malignant cancers,[@b26-cmar-11-625] and that PAD inhibitors suppress the proliferation of cancer cell lines both in vitro and in vivo,[@b25-cmar-11-625],[@b27-cmar-11-625] supports the notion that PADs play important roles in tumorigenesis. However, whether PADs are involved in the development of MDR in cancers is poorly understood. Thus, we aimed to investigate whether PADs might play roles in MDR of breast cancer cells and further explored possible mechanisms for this.

Materials and methods
=====================

Cell culture and treatment
--------------------------

The MCF-7 human breast cancer cell line was purchased from the Cell Bank at Shanghai Institute of Cell Biology (Shanghai, China). MCF-7 and MCF-7/ADR cells were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% FBS at 37°C in a humidified 5% CO~2~ atmosphere. The ADR-resistant MCF-7/ADR cells were successfully selected from drug-sensitive MCF-7 cells by exposure to increasing concentration of ADR (5 µg/mL) on the parental MCF-7 cells. PAD2 or PAD4 cDNA was sub-cloned to retroviral vector pQXCIP (Clontech Laboratories, Inc., Palo Alto, CA, USA), yielding PAD2-pQXCIP or PAD4-pQXCIP plasmids. Stable PAD2-or PAD4-overexpression MCF-7/ADR cells were generated by transduction with retroviral particles containing PAD2- or PAD4-pQXCIP construct. In the control group, MCF-7/ADR cells were transduced with an empty pQXCIP construct. Cells were selected by medium containing 1 µg/mL puromycin (Sigma-Aldrich Co., St Louis, MO, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR) assay
-------------------------------------------------------------

Total RNA was isolated from cells using the Qiagen RNeasy Mini Kit in combination with on-column DNase treatment (Applied Biosystems, Foster City, CA, USA). A High Capacity RNA-to-cDNA Kit (Applied Biosystems) was used to synthesize the first strand of cDNA. qRT-PCR was performed using the Power SYBR Green PCR Master Mix (Applied Biosystems) with gene-specific primers. Primer sequences are listed in the Supplementary material ([Table S1](#SD1-cmar-11-625){ref-type="supplementary-material"}).

Western blot analysis
---------------------

The cells were washed twice with cold PBS and then harvested for Western blotting. Cells were lysed in cold RIPA buffer containing protease inhibitors. Approximately 40 µg of total protein was separated by 10% SDS-PAGE, and then transferred to polyvinylidene difluoridemembranes. The membranes were then blocked and incubated with the following primary antibodies overnight at 4°C: PAD2 (Proteintech, Rosemont, IL, USA); PAD4 (Sigma-Aldrich); GSK3β (Cell Signaling Technology, Danvers, MA, USA), p53 (Bioworld Technology, Nanjing, China), caspase 3, cleaved caspase 3, caspase 8, cleaved caspase 8, caspase 9, and cleaved caspase 9 (Cell Signaling Technology), and glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a loading control. The membranes were washed and then incubated with horseradish peroxidase-conjugated secondary antibodies. The signals were visualized using an Enhanced Chemiluminescence Detection Kit (Pierce Biotechnology, Rockford, IL, USA).

Apoptosis evaluation by flow cytometry and TUNEL assays
-------------------------------------------------------

Apoptotic cells were detected using the Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Detection Kit (Yeasen, Shanghai, China). Briefly, cells were cultured in RPMI-1640 with 10% FBS overnight in 60-mm dishes. After treatment with 10 µg/mL ADR for 48 hours, cells were washed and then cell pellets were re-suspended in ice-cold binding buffer. Subsequently, 5 µL Annexin V-FITC solution and 5 µL dissolved propidium iodide (PI) were added to the cell suspension. After gentle mixing, samples were incubated for 10 minutes in the dark at room temperature. A FACScan flow cytometer was applied to quantify cellular apoptosis. Cells were considered apoptotic if they were Annexin V-positive/PI-negative, while double-positive cells either reflected necrosis or late apoptosis. For TUNEL, cells were grown on glass slides in 12-well plates, followed by fixation with 4% paraformaldehyde. TUNEL staining was performed with a TUNEL Apoptosis Detection Kit (FITC) (Yeasen) according to the manufacturer's instructions. Following TUNEL staining, cells were washed and then blocked with 4% BSA for 5 minutes at room temperature. Nuclei were visualized by DNA staining with Hoechst stain (1 µg/mL). The images were captured using a Carl Zeiss (Oberkochen, Germany) lens. TUNEL positive signal was counted from randomly selected fields.

Immunofluorescence staining
---------------------------

Cells were grown on glass slides in 12-well plates, then fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. After blocking, cells were incubated with primary antibodies against Flag and GSK3β. Then Fluor 555-conjugated goat anti-mouse secondary antibody (Invitrogen, Carlsbad, CA, USA) or Fluor 488-conjugated goat anti-rabbit secondary antibody (Invitrogen) were employed to detect fluorescence. The nuclei were stained with DAPI (Vector Laboratories, Cambridgeshire, UK). Representative images were collected with LSM 510 laser scanning confocal microscope (Carl Zeiss).

Cell proliferation assay
------------------------

Cells were seeded into 96-well plates (5,000 cells/well), incubated overnight, and then treated with 30 µg/mL of ADR at indicated times for 24, 48, 72, 96, and 120 hours. A total of 10 µL of cell counting kit-8 (CCK-8) reagent (Yeasen) was added to each well, and plates were incubated for 4 hours at 37°C in accordance with the CCK-8 kit protocol. OD values were measured at 450 nm using a plate reader (Thermo Scientific Multiskan GO, Thermo Fisher Scientific, Vantaa, Finland).

Nuclear and cytoplasmic extract preparations
--------------------------------------------

Cells were washed twice with cold PBS and then lysed in cold cell lysis buffer (1 M Tris--HCl, pH =7.9; 1 M KCl, 10 NP40, 1× proteinase inhibitors) for 60 minutes on ice. The lysates were then centrifuged and supernatants were collected as cytoplasmic fraction. The pellets were washed and then lysed in cold lysis buffer (1 M Tris--HCl, pH =7.9; 0.5 M EDTA, 10 SDS, 1× proteinase inhibitors). The supernatants were collected as nuclear fraction.

Statistical analyses
--------------------

All experiments were independently repeated at least three times. The results are presented as the mean ± SD. Data were analyzed using Student's *t*-test to determine the level of significance between control and treatment groups. *P*\<0.05 was considered to be statistically significant.

Results
=======

PAD2 and PAD4 are downregulated in MCF-7/ADR cells
--------------------------------------------------

*MDR1* gene was reported to be upregulated and mediate MDR in multidrug resistant breast cancer cells.[@b11-cmar-11-625]--[@b14-cmar-11-625] We, therefore, first tested *MDR1* gene expression by qRT-PCR analysis in our MCF-7/ADR cells and the parental MCF-7 cells. Results showed that *MDR1* gene was dramatically induced in our ADR-resistant human breast cancer cells ([Figure 1A](#f1-cmar-11-625){ref-type="fig"}). We next showed that the control MCF-7 cells completely died under 1 µg/mL ADR treatment for 24 hours, while MCF-7/ADR cells still survived even exposed to ADR as high as 8 µg/mL in the culture media ([Figure 1B](#f1-cmar-11-625){ref-type="fig"}), confirming that MCF-7/ADR cells were resistant to ADR.

To determine the expression pattern of PAD family members in ADR-resistant breast cancer cells, we first examined their mRNA levels in MCF-7/ADR cells and the parental MCF-7 cells. Results showed that both PAD2 and PAD4 transcript levels were significantly downregulated in MCF-7/ADR cells compared with the control cells, while PAD1 and PAD3 mRNA levels were not affected ([Figure 1C](#f1-cmar-11-625){ref-type="fig"}). To further confirm these findings, we compared PADs' protein levels in these two cell lines using Western blotting ([Figure 1D](#f1-cmar-11-625){ref-type="fig"}). We found that, consistent with their mRNA level changes, both PAD2 and PAD4 protein levels were sharply decreased in MCF-7/ADR cells. We also noted that PAD1 and PAD3 proteins were hardly detected in either MCF-7 or the ADR-resistant cells. These results suggested us that the decreased expression of PAD2 and PAD4 may be associated with the ADR resistance in breast cancer cells, but not the other PADs.

Overexpression of PAD4 increases the sensitivity of MCF-7/ADR cells to ADR and inhibits proliferation of MCF-7/ADR cells
------------------------------------------------------------------------------------------------------------------------

To further explore the role of PAD2 and PAD4 in ADR resistance in breast cancer cells, we first stably overexpressed PAD2 and PAD4 in MCF-7/ADR cells separately. As shown in [Figure 2A](#f2-cmar-11-625){ref-type="fig"}, PAD2 protein level was highly elevated in PAD2 overexpression cells compared with either the empty vector (EV) control or PAD4 overexpression cells, and PAD4 protein was also overexpressed specifically in PAD4 overexpression line. Then we evaluated the effect of PAD2 and PAD4 overexpression on the proliferation of ADR-resistant MCF-7 cells. Results showed that, without ADR treatment, overexpression of either PAD2 or PAD4 in MCF-7/ADR cells did not affect cell growth, compared with the control cells ([Figure 2B and C](#f2-cmar-11-625){ref-type="fig"}). However, as evidenced by the results of the CCK-8 assay ([Figure 2D](#f2-cmar-11-625){ref-type="fig"}), ADR treatment on the three cell lines resulted in IC50 values of 101, 116, and 29.78 µg/mL in EV control, PAD2 overexpression, and PAD4 overexpression MCF-7/ADR cancer cells, respectively, indicating that MCF-7/ADR cells with PAD4 overexpression were less resistant to ADR than the control or PAD2 overexpression lines. We then gave all the three cell lines 30 µg/mL of ADR treatment and examined the cell viability at the indicated time. Results showed that PAD4 overexpression significantly resensitized MCF-7/ADR cells to ADR as early as 48 hours post ADR treatment ([Figure 2E](#f2-cmar-11-625){ref-type="fig"}). Meanwhile, we found that the expression level of *MDR1* gene was also significantly decreased in PAD4 overexpression MCF-7/ADR cells in the presence of 10 µg/mL of ADR, but this decrease was not observed in the other two lines or the cells without ADR exposure ([Figure 2F](#f2-cmar-11-625){ref-type="fig"}). These results indicated that PAD4 may regulate P-gp expression and potentiate ADR-induced cytotoxicity in MCF-7/ADR cells.

ADR activates cell apoptosis in PAD4 overexpressed MCF-7/ADR
------------------------------------------------------------

Resistance to anticancer drugs is typically accompanied by low susceptibility to apoptosis.[@b28-cmar-11-625] Since enforced PAD4 expression can induce ADR sensitivity in MCF-7/ADR cells, we were wondering whether PAD4 overexpression may also affect cell apoptosis. To test this hypothesis, we first carried out fluorometric TUNEL analyses in the three cell lines we generated as mentioned previously, and rarely found apoptotic cell signals in each cell line in the absence of ADR (PBS treatment as a control). However, in the presence of 10 µg/mL of ADR, PAD4 overexpression significantly increased cell apoptosis ([Figure 3A](#f3-cmar-11-625){ref-type="fig"}). Next, flow cytometric analysis showed that the apoptotic rate was significantly increased in MCF-7/ADR cells with PAD4 overexpression in the presence of ADR, compared with the PAD2 overexpression or EV control cells ([Figure 3B](#f3-cmar-11-625){ref-type="fig"}). Furthermore, qRT-PCR analysis for the proapoptotic molecules, such as p21, Bax, and Bad confirmed that ADR activated cell apoptosis in PAD4 overexpressed MCF-7/ADR cells through induction of proapoptotic genes ([Figure 3C](#f3-cmar-11-625){ref-type="fig"}).[@b29-cmar-11-625]--[@b32-cmar-11-625] As controls, these genes could not be activated either in MCF-7/ADR cells with overexpressed PAD2 or the control MCF-7/ADR cells. Finally, examination of the activation of caspases induced by ADR showed significant activation of caspase-3 and 8, but not caspase-9 in PAD4 overexpressed MCF-7/ADR cells, indicating that ADR treatment would have an antiproliferative effect on PAD4 overexpressed MCF-7/ADR cells via induction of the extrinsic caspase-mediated apoptotic pathway ([Figure 3D and E](#f3-cmar-11-625){ref-type="fig"}).

Overexpressed PAD4 leads to increased nuclear levels of p53 in MCF-7/ADR cells in response to ADR
-------------------------------------------------------------------------------------------------

The transcription activator p53, plays a pivotal role in controlling cell cycle progression and apoptosis in response to genotoxic and cellular stress.[@b33-cmar-11-625] It was also known that PAD4 increases tumor suppressor p53 and its downstream target genes to control cell cycle and induces apoptosis in multiple cancer cells.[@b29-cmar-11-625],[@b34-cmar-11-625] To test whether p53 was also activated in PAD4 overexpressed MCF-7/ADR cells in the presence of ADR treatment, we first compared total p53 protein level in the three MCF-7/ADR cell lines in the absence or presence of ADR. Results showed that total p53 protein levels were not significantly changed under these conditions ([Figure 4A](#f4-cmar-11-625){ref-type="fig"}). As p53 is known to undergo nuclear accumulation in response to DNA damage,[@b35-cmar-11-625],[@b36-cmar-11-625] we next separated nuclear and cytoplasmic fractions of the cells and subjected them to Western blotting. We found that p53 protein level was significantly increased in the nuclear fraction of PAD4 overexpressed MCF-7/ADR cells with ADR treatment, however, this accumulation was not observed in PAD2 overexpressed or control cells ([Figure 4B and C](#f4-cmar-11-625){ref-type="fig"}). As a control, PBS treatment did not induce p53 to undergo accumulation in the nuclei of the cells ([Figure 4D](#f4-cmar-11-625){ref-type="fig"}), which is consistent with the previous reports.

Nuclear accumulation of GSK3β is regulated by PAD4 with ADR treatment
---------------------------------------------------------------------

GSK3β has been reported to phosphorylate p53 and regulate the intracellular localization of p53.[@b37-cmar-11-625]--[@b39-cmar-11-625] Several apoptotic stimuli also induce nuclear accumulation of GSK3β, where it co-localizes with p53.[@b40-cmar-11-625],[@b41-cmar-11-625] In addition, it is confirmed that there exists a direct, activating interaction between GSK3β and p53 after DNA damage,[@b40-cmar-11-625] and that GSK3β participates in regulating p53 activity in the nucleus.[@b42-cmar-11-625] These findings prompted us to test whether GSK3β may also be activated in the nucleus in PAD4 overexpression cells after ADR treatment. As expected, we found a similar activation pattern of GSK3β in the nucleus to that of p53 protein ([Figure 5A and B](#f5-cmar-11-625){ref-type="fig"}). These results suggested that the activation of GSK3β/p53 signaling may mediate the accelerated apoptosis in PAD4 overexpressed MCF-7/ADR cells after ADR treatment.

A previous study has shown that PAD4 recognizes, binds, and citrullinates GSK3β in breast cancer cells, and nuclear accumulation of GSK3β was observed only in cells transfected with wild type PAD4, suggesting that this unique posttranslational modification in GSK3β is crucial for the nuclear localization of the kinase.[@b23-cmar-11-625] Therefore, we investigated whether PAD4 may exert the similar function to GSK3β and regulate its nuclear accumulation. As shown in [Figure 5C](#f5-cmar-11-625){ref-type="fig"}, in the absence of PAD4 overexpression, GSK3β was mainly localized in the cytoplasm of cells with either PBS or ADR treatment. However, PAD4 overexpression induced a substantial amount of co-localization between PAD4 and GSK3β in the nuclei under ADR treatment. As a control, nuclear GSK3β accumulation was not observed in the cells with PBS treatment, even though PAD4 was overexpressed in the same cells ([Figure 5C](#f5-cmar-11-625){ref-type="fig"}). These results indicated that ADR may promote PAD4 enzyme activity to activate GSK3β/p53 pathway in regulation of cell apoptosis. To further test this hypothesis, we transfected MCF-7/ADR cells with wild type PAD4, catalytic mutant (C645S) PAD4, or EV as a control, and then performed qRT-PCR analysis to examine the expression of the proapoptotic molecules ([Figure 5D](#f5-cmar-11-625){ref-type="fig"}). A significant increase in the proapoptotic gene transcripts was observed in the cells with exogenous expression of wild type PAD4, whereas C645S mutant did not cause such gene activation above the basal level, thus supporting our hypothesis.

Discussion
==========

A range of potential factors have been proposed to contribute to ADR chemoresistance, among which is the overexpression of a superfamily of energy-dependent ATP binding cassette transporters, including P-gp, that extrude anticancer drugs out of the cell.[@b11-cmar-11-625],[@b12-cmar-11-625],[@b14-cmar-11-625] To achieve better clinical outcome and restore the cytotoxicity of antitumor drugs in ADR-resistant breast cancer cells, strategies for overcoming P-gp-dependent drug resistance have been proposed.[@b43-cmar-11-625],[@b44-cmar-11-625] Although significant progress has been made in reversing MDR, the clinical challenge of MDR for breast cancer patients still exists. Therefore, there is still an urgent need to explore new therapeutic approaches to potentially reverse drug resistance in breast cancers.

In this study, we first evaluated PADs expression in MCF-7/ADR cells compared with the parental MCF-7 cells and found that both PAD2 and PAD4 are dramatically down-regulated in MCF-7/ADR cells, while PAD1 and PAD3 are undetectable in both cell lines. These results raise a possibility that decreased PAD2 and PAD4 may be involved in drug resistance in MCF-7/ADR cells. We, therefore, overexpressed PAD2 or PAD4 in MCF-7/ADR cells and demonstrated that only PAD4 overexpression in MCF-7/ADR cells has the ability to reverse MDR through inducing cell apoptosis, confirming our hypothesis that PAD4 is involved in MDR in MCF-7/ADR cells. Regarding the molecular mechanisms underlying restoration of the sensitivity of MCF-7/ADR cells to ADR, we then demonstrated that ADR treatment potentiates PAD4 to facilitate increased nuclear levels of GSK3β and p53, which further activates proapoptotic gene expression. These results suggest that ADR may promote PAD4 enzyme activity to activate GSK3β/p53 pathway in regulation of cell apoptosis ([Figure 6](#f6-cmar-11-625){ref-type="fig"}).

GSK3β is a serine/threonine kinase involved in several signal transduction cascades, and has been implicated in breast cancer development and drug resistance.[@b45-cmar-11-625] Several apoptotic stimuli were found to cause the accumulation of GSK3β in the nucleus, forming a stable complex with p53 and contributing to p53-induced expression of proapoptotic molecules, such as p21, Bax, and Bad.[@b29-cmar-11-625]--[@b32-cmar-11-625],[@b41-cmar-11-625],[@b45-cmar-11-625] Our data showing that ADR treatment potentiates PAD4 to facilitate nuclear accumulation of both GSK3β and p53 fit well with these reports that GSK3β and p53 interact synergistically and co-operate as partners in controlling cellular responses to DNA damage.[@b46-cmar-11-625] Regarding the mechanisms of PAD4 facilitating GSK3β nuclear accumulation, a previous report has proved that PAD4 targets GSK3β for citrullination on its N-terminal domain and this posttranslational modification on GSK3β directly accelerates the nuclear protein levels of GSK3β in breast cancer cells, and thereby plays a critical role in regulating breast cancer initiation or progression. Additionally, PAD4 was also shown to citrullinate different non-histone proteins, including p300, nucleophosmin (NPM1), inhibitor of growth 4 (ING4), Ets-like protein-1 (Elk1) and antithrombin, thereby partially influencing the activity or localization of these proteins.[@b24-cmar-11-625],[@b47-cmar-11-625]--[@b51-cmar-11-625] Therefore, it is possible that in MCF-7/ADR cells, PAD4 overexpression may also citrullinate GSK3β to increase its nuclear accumulation and the activity of this kinase, which helps to resensitize the cells to ADR-induced apoptosis. To further prove this hypothesis, we showed that wild type PAD4 dramatically increased p53 target gene transcription in MCF-7/ADR cells upon ADR treatment, while catalytically inactive mutant PAD4 had no such effect, suggesting that mutant PAD4 may fail to citrullinate GSK3β.

The role of PAD4 in regulating cancer progression remains controversial. The high expression of PAD4 was observed in some malignant tumor tissues,[@b51-cmar-11-625] suggesting that it may promote the process of tumorigenesis. However, a previous study has proved that overexpression of PAD4 enhances the apoptotic cell death in human leukemia HL-60 cells and human acute T leukemia Jurkat cells.[@b29-cmar-11-625] Additionally, silencing PAD4 in breast cancer cells leads to induction of epithelial-to-mesenchymal transition and production of more invasive tumors in xenograft mouse model and clinical breast patients, supporting PAD4's role as a tumor suppressor in breast cancer cells.[@b23-cmar-11-625] Therefore, the role of PAD4 in regulation of tumorigenesis may be cell type- or cell context-dependent. Nevertheless, whether PAD4 is involved in regulation of MDR of breast cancer has not been reported before. To the best of our knowledge, this is the first study showing that PAD4 is significantly downregulated in MCF-7/ADR cells, and overexpression of PAD4 can reverse the MDR of MCF-7/ADR cells through inducing cell apoptosis. Therefore, rescue of PAD4 expression and in combination with ADR treatment might provide a clinical possibility to overcome the ADR resistance for breast cancer patients, especially for those who have already acquired drug resistance. Of note, whether presence of PAD4 expression in breast cancer tissues predicts a better responsibility to ADR awaits further clinical sample elucidation.

Conclusion
==========

Our data highlight the importance of PAD4 in maintaining ADR sensitivity of MCF-7 breast cancer cells and indicate that rescue of PAD4 expression in ADR-resistant breast cancer may increase the success of chemotherapy by reversal of the ADR resistance.

Supplementary materials
=======================

###### 

The primer sequences were the following

  ------------------------------------------
  PAD1\
  5′-GAG TGA TGG ACA CTC ATG GC-3′(F),\
  5′-CAGATGGTCAGCTTGCAGTT-3′(R);

  PAD2\
  5′-TCT CAG GCC TGG TCT CCA T-3′(F),\
  5′-AAG ATG GGA GTC AGG GGA AT-3′(R);

  PAD3\
  5′-AGC AAT GAC CTC AAC GAC AG-3′(F),\
  5′-TGA GGT AGA GCA CCG CAT AG-3′(R);

  PAD4\
  5′-TCA CCT ACC ACA TCA GGC AT-3′(F),\
  5′-CAT GTT CCA CCA CTT GAA GG-3′(R);

  P21\
  5′-TGT CCG TCA GAA CCC ATG C-3′(F),\
  5′-AAA GTC GAA GTT CCA TCG CTC-3′(R);

  Bax\
  5′-CAC TGA AGC GAC TGA TGT-3′(F),\
  5′-CTT CTT CCA GAT GGT GAG T-3′(R);

  Bad\
  5′-GGA GGA TGA GTG ACG AGT T-3′(F),\
  5′-CAC CAG GAC TGG AAG ACT-3′(R);

  *MDR1*\
  5′-GTG GGG CAA GTC AGT TCA TT-3′(F),\
  5′-TCT TCA CCT CCA GGC TCA GT-3′(R);

  GAPDH\
  5′-ACC CAT CAC CAT CTT CCA GGA G-3′(F),\
  5′-GAA GGG GCG GAG ATG ATG AC-3′(R).
  ------------------------------------------
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![The expression levels of PAD2 and PAD4 are downregulated in ADR-resistant breast cancer MCF-7 cells.\
**Notes:** (**A**) Expression levels of *MDR1* mRNA in MCF-7 and MCF-7/ADR cells were determined by qRT-PCR. GAPDH was used as an internal control. (**B**) MCF-7 and MCF-7/ADR cells were cultured in regular medium with different ADR concentrations (1, 4, and 8 µg/mL), cell number was counted 24 hours post ADR treatment. Relative growth inhibition was normalized to the cell number of MCF-7 cells without ADR treatment. (**C, D**) Endogenous PAD1 and PAD4 mRNA levels in MCF-7 and MCF-7/ADR cells determined by qRT-PCR (**C**) and Western blot (**D**). The mRNA levels of PAD1 and PAD4 in MCF-7/ADR cells were normalized to that in MCF-7 cells. GAPDH served as a control. The representative immunoblots show that PAD2 and PAD4 are significantly downregulated in MCF-7/ADR cells compared with MCF-7 cells. GAPDH served as loading control. ^\*^*P*\<0.05.\
**Abbreviations:** ADR, adriamycin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; *MDR1*, multidrug resistance 1; PAD, peptidylarginine deiminase; qRT, quantitative real-time.](cmar-11-625Fig1){#f1-cmar-11-625}

![PAD4 overexpression in MCF-7/ADR cells increases the chemosensitivity to ADR in vitro.\
**Notes:** (**A**) The representative immunoblots showing PAD2 and PAD4 were stably overexpressed in MCF-7/ADR cells, separately. GAPDH served as loading control. (**B**) Cell proliferation was not affected with both PAD2 and PAD4 overexpression in MCF-7/ADR cells by CCK-8 assay, compared with the EV control overexpression cells. (**C**) Western blot analysis showed that PAD2 and PAD4 overexpression did not affect PCNA expression in MCF-7/ADR cells. (**D**) CCK-8 assay was performed to determine the IC50 for EV control, PAD2 overexpression, and PAD4 overexpression MCF-7/ADR cancer cells. Relative growth inhibition was normalized to the cell number of MCF-7 cells without ADR treatment. (**E**) Cells were cultured in regular medium under treatment with 30 µg/mL ADR at indicated times, cell proliferation was tested by CCK-8 analysis and normalized to EV control cells. (**F**) qRT-PCR analysis of *MDR1* mRNA expression in cells with or without 10 µg/mL ADR treatment for 48 hours. ^\*^*P*\<0.05.\
**Abbreviations:** ADR, adriamycin; CCK-8, cell counting kit 8; EV, empty vector; IC50, half maximal inhibitory concentration; PAD, peptidylarginine deiminase; PCNA, proliferating cell nuclear antigen; qRT, quantitative real-time.](cmar-11-625Fig2){#f2-cmar-11-625}

![Adriamycin increases cell apoptosis in MCF-7/ADR cells with PAD4 overexpression.\
**Notes:** (**A**) TUNEL staining in cells treated with PBS or 10 µg/mL ADR. Arrow indicating the TUNEL positive signal. Quantitative analysis of TUNEL-positive signals is shown on the right. (**B**) Flow cytometric analysis of ADR-induced apoptosis of the PAD4 overexpressed MCF-7/ADR cells compared with EV or PAD2 overexpression cells. Relative apoptosis ratio is quantified on the right. (**C**) qRT-PCR analysis of gene expression for p21, Bax, and Bad in cells treated with PBS (control) or 10 µg/mL ADR for 48 hours. Relative mRNA expression was normalized to GAPDH. (**D**) Western blot analysis of the activation of caspase 3, 8, and 9 in cells treated with PBS (control) or 10 µg/mL ADR for 48 hours. GAPDH was used as an internal control. (**E**) The relative expression levels of proteins were analyzed by ImageJ software. ^\*^*P*\<0.05.\
**Abbreviations:** ADR, adriamycin; EV, empty vector; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PAD, peptidylarginine deiminase; qRT, quantitative real-time.](cmar-11-625Fig3){#f3-cmar-11-625}

![ADR treatment potentiates nuclear levels of p53 in MCF-7/ADR cells with PAD4 overexpression.\
**Notes:** (**A**) Immunoblot analysis showing that p53 expression levels were not affected in MCF-7/ADR cells with EV, PAD2, and PAD4 overexpression. GAPDH served as loading control. (**B**) Cellular proteins after ADR treatment were separated into cytoplasmic and nuclear pools by fractionation methods and examined by Western blot with anti-p53 antibody. Cleanliness of fractionation was determined by probing with antibodies for LAMIN A/C (nuclear) and GAPDH (cytoplasmic) proteins. (**C**) Relative Nuc/cyt ratio of p53 was quantified. ^\*^*P*\<0.05 (**D**) Indicated cell lysates from cells treated with PBS were analyzed by SDS/PAGE and probed for antibodies against p53, GAPDH, and LAMIN A/C.\
**Abbreviations:** ADR, adriamycin; Cyt, cytoplasmic; EV, empty vector; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Nuc, nuclear; PAD, peptidylarginine deiminase.](cmar-11-625Fig4){#f4-cmar-11-625}

![ADR treatment increases nuclear accumulation of GSK3β in MCF-7/ADR cells with PAD4 overexpression.\
**Notes:** (**A, B**) Cellular fractionation analysis from MCF-7/ADR cells with EV, PAD2, and PAD4 overexpression under either PBS (**A**) or 10 µg/mL ADR (**B**) treatment, followed by Western blot with anti- GSK3β, GAPDH, and LAMIN A/C antibodies. Relative Nuc/cyt ratio of GSK3β was shown in the lower panel of (**B**). ^\*^*P*\<0.05 (**C**) Immunofluoresce analysis showing that overexpressed PAD4 (Flag-tagged) leads to accumulation of GSK3β in the nucleus after ADR treatment. All cells were stained with antibodies against the Flag-tag (red) and GSK3β (green). Nuclei were stained with DAPI. Scale bar, 20 µm. Arrows indicate the PAD4 overexpressed signals in the nuclei, colocalizing with GSK3β. (**D**) qRT-PCR analysis of p21, Bax, and Bad in cells with control (EV), catalytic PAD4 WT, or PAD4 CS overexpression under 10 µg/mL ADR for 48 hours. Relative mRNA expression was normalized to GAPDH. ^\*^*P*\<0.05.\
**Abbreviations:** ADR, adriamycin; CS, catalytic mutant; Cyt, cytoplasmic; EV, empty vector; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK3β, glycogen synthase kinase-3β; Nuc, nuclear; PAD, peptidylarginine deiminase; WT, wild type](cmar-11-625Fig5){#f5-cmar-11-625}

![Schematic of the effects of PAD4 on GSK3β/p53 signaling in regulation of proapoptotic gene expression under ADR treatment.\
**Note:** Arrows indicate activating events, whereas perpendicular lines indicate inhibitory events.\
**Abbreviations:** ADR, adriamycin; GSK3β, glycogen synthase kinase-3β; PAD, peptidylarginine deiminase; P-gp, P-glycoprotein.](cmar-11-625Fig6){#f6-cmar-11-625}
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